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Contribution of Vitamin D2 and D3 and Their Respective 25-Hydroxy
Metabolites to the Total Vitamin D Content of Beef and Lamb
Kevin D Cashman, Siobhan M O’Sullivan, Karen Galvin, and Michelle Ryan

Cork Centre for Vitamin D and Nutrition Research, School of Food and Nutritional Sciences, University College Cork, Cork, Ireland

ABSTRACT
Background: Red meat and meat products can contribute meaningfully to the mean daily intake of vitamin D. Beef and lamb can contain vitamin
D3 and 25-hydroxyvitamin D3 [25(OH)D3] but also potentially vitamin D2 and 25-hydroxyvitamin D2 [25(OH)D2], all of which contribute to meat’s
vitamin D activity.
Objectives: We aimed to measure the vitamin D3, vitamin D2, 25(OH)D3, and 25(OH)D2 content of Irish beef and lamb.
Methods: Full striploin steaks (longissimus dorsi) (n = 39) from beef cattle slaughtered in winter, spring, summer, and autumn as well as lamb steaks
(hind leg) from sheep slaughtered in autumn (n = 8) were sourced and homogenized. The contents of all 4 vitamin D–related compounds were
analyzed using an LC-tandem MS method in conjunction with the National Institute of Standards and Technology’s standard reference material no.
1546a-Meat Homogenate. The total vitamin D activity of meat was defined as: {vitamin D3 + [25(OH)D3 × 5] + vitamin D2 + [25(OH)D2 × 5]}.
Results: The median (IQR) total vitamin D activity of striploin beef steak (n = 39, irrespective of season) was 0.56 (0.37–0.91) μg/100 g. The
content of all 4 vitamin D compounds in beef steak varied significantly (P < 0.0001) with season (n = 8–11/season group). Median total vitamin D
activity of beef steak increased in a stepwise manner (P < 0.0001) from winter to the following autumn (increasing from 0.31 to 1.07 μg/100 g). The
mean total vitamin D activity of lamb samples (n = 8) from autumn was 0.47 μg/100 g.
Conclusions: About one-third of the total vitamin D activity of Irish beef was attributable to its combined vitamin D2 and 25(OH)D2 content,
estimates of which are largely or completely missed in food composition tables. There was significant seasonal variation in all 4 vitamin D
compounds as well as in total vitamin D activity, which has implications for vitamin D nutrient claims for beef. Curr Dev Nutr 2020;4:nzaa112.
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Introduction

Vitamin D deficiency is prevalent in the population (1–4), which has
led to calls to action for its prevention (1, 5). Although the action of
UVB radiation on skin is highly effective in terms of the biosynthesis of
vitamin D, there are several environmental factors and personal char-
acteristics which can limit this supply route (6). Dietary supply of vita-
min D is an important additional source throughout the year (7), but
especially in winter when UVB availability is limited (6). Data from na-
tional nutrition surveys in Europe, the United States, and Canada sug-
gest that mean intakes of vitamin D within the adult population are in
the range of 3–8 μg/d (7–9) and that the prevalence of inadequacy of
vitamin D intake in European and North American populations is very
high at 47%–100% (8–10). The 2015–2020 Dietary Guidelines for Ameri-
cans included vitamin D among the 4 shortfall nutrients of public health

concern (11). Thus, there is a need to address inadequacy of vitamin D
intake in the population with a view toward the goal of preventing vita-
min D deficiency.

The use of food-based approaches to address micronutrient malnu-
trition, such as increasing dietary diversity (including recognition of the
importance of animal source foods) as well as food fortification, has
been stressed by the WHO-FAO (12). However, these are not without
their challenges and limitations. With regard to increasing dietary di-
versity, although the most desirable and sustainable option, the WHO-
FAO highlight the need for education on the nutritional value of specific
foods and also a change in behavior in terms of food selection (12). In
relation to the former point, there is an underappreciation of the con-
tribution that meat and meat products make to the mean daily intakes
of vitamin D in some countries. For example, national nutrition sur-
vey data in Ireland and the United Kingdom show that 16%–30% and
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25%–35% of the mean daily intake of vitamin D in adults and children,
respectively, is attributable to meat and meat products (13, 14). It should
be emphasized, however, that differences exist in the extent of coverage
of the vitamin D content, including 25-hydroxyvitamin D3 [25(OH)D3],
of foods, as well as in whether an activity factor of 5 for 25(OH)D3 is
applied or not, across different food composition tables (15, 16). For
example, the UK food compositional tables incorporate content data
on vitamin D3 plus 25(OH)D3 multiplied by 5 in their total vitamin D
values for meat and other foods (17). The USDA food compositional
database [FoodData Central (FDC)] has recently reported 25(OH)D3

data for beef and a limited number of other foods (18), but does not
include these data in total vitamin D values for these foods. The inclu-
sion or omission of activity-adjusted 25(OH)D3 compositional data for
meat and other select animal source foods has been shown to predict
meaningful increases and decreases in vitamin D intake estimates, re-
spectively (19).

Beyond vitamin D3-related compounds, we have recently shown that
beef steaks from animals in a 30-d preslaughter vitamin D dietary feed-
ing trial in Ireland had vitamin D2 and 25(OH)D2 contents as well as
vitamin D3 and 25(OH)D3 (20). The source of the vitamin D2 is not
clear. Jäpelt et al. (21) reported that vitamin D2 is present in ryegrass,
and peaked in September, then dropped by a factor of 5 by the second
week of November. Thus, beef cattle on grass pasture at different times
of the year may be consuming different amounts of vitamin D2. Meat
from grazing sheep may also contain vitamin D2 and 25(OH)D2, but
analytical data are lacking. The UK food compositional database does
not include data on vitamin D2 or 25(OH)D2 in meat (17). Likewise,
the recently updated USDA FDC does not include data on 25(OH)D2

in beef, but does report vitamin D2 data, and reports data on vitamin
D3 only in lamb (18). Because the total vitamin D activity of meat can
include all 4 vitamin D compounds [i.e., vitamin D3 and D2 as well as
25(OH)D3 and 25(OH)D2], analytical data on their content at different
times of the year are a key data requirement. This information is also of
importance in terms of nutritional labeling of meat, which is a key ed-
ucational component on how certain foods provide essential micronu-
trients, as highlighted by the WHO-FAO (12). For example, for meats
to be labeled as “a source of” vitamin D in Europe, a minimum content
of 0.8 μg/100 g must be substantiated (22).

Thus, the primary aims of the present work were to measure vitamin
D3, vitamin D2, 25(OH)D3, and 25(OH)D2 content of Irish beef sam-
pled from 4 different seasons as well as Irish lamb from autumn, and to
calculate the associated total vitamin D activity content values. As a sec-
ondary aim, we wished to explore whether vitamin D2 and 25(OH)D2

were evident in Irish meats other than beef and lamb.

Methods

Meat samples, including mincing and preparation
Full striploin steaks (longissimus dorsi) taken from beef cattle slaugh-
tered in December 2017 (“winter”), February 2018 (“spring”), July 2018
(“summer”), and September/October 2018 (“autumn”) were received
from Slaney Foods International, Bunclody, Ireland, a major processor
of beef in Ireland with >3000 farm suppliers. The steak samples arrived
frozen and were immediately transferred into a −20◦C freezer within
the Cork Centre for Vitamin D and Nutrition Research for storage until

analysis. The breed make-up of the beef cattle from which the striploin
steaks were taken consisted of 46%, 18%, and 15% Aberdeen Angus,
Charolais, and Limousin, respectively, with the remaining 21% being
6 additional breeds (3%–5% each).

At the time of preparation of the beef samples for vitamin D analy-
sis, full steaks (including the subcutaneous fat layer) were firstly thawed,
after which they went through a coarse meat mincer. This was then
followed by further homogenization with a Buchi blender to ensure
a more even distribution of fat. The fat and moisture contents of the
finely minced beef samples were measured using a CEM SMART Trac
Rapid Fat and Moisture Analyser (CEM Microwave Technology Ltd.).
The samples were stored at −20◦C until analysis.

In addition, 8 lamb steaks from the hind leg of sheep slaughtered
in October 2018 were supplied by Irish Country Meats, Camolin, Ire-
land. Convenience samples of pork and turkey (both as mince) as well as
chicken (as fillet) were each purchased at 6 different local retail outlets
in the greater Cork city area during June 2018. The chicken fillets were
minced. All the minced samples were stored at −20◦C until required for
analysis.

Measurement of the vitamin D content of meat
The vitamin D3, 25(OH)D3, vitamin D2, and 25(OH)D2 contents of
the meat samples were analyzed using a modification of a sensitive
LC-tandem MS (LC-MS/MS) method, as described in detail elsewhere
(20, 23). The extraction procedure for the analysis was a modification
from a previously published method (23), which included an overnight
saponification and solid phase extraction followed by 4-phenyl-1,2,
4-triazoline-3.5-dione derivatization. The method’s limit of detection
(LOD) for vitamin D3, vitamin D2, 25(OH)D3, and 25(OH)D2 was
0.007, 0.009, 0.003, and 0.007 μg/100 g, respectively. The National In-
stitute of Standards and Technology (NIST) standard reference material
(SRM) no. 1546a: Meat Homogenate (24) was analyzed for the 4 vitamin
D compounds so that a comparison could be made with its reference
vitamin D3 and certified 25(OH)D3 values.

The total vitamin D activity of meat was defined as {vitamin D3

+ [25(OH)D3 × 5] + vitamin D2 + [25(OH)D2 × 5]}. The conver-
sion factor of 5 is applied to the 25(OH)D3 content on the basis of effi-
cacy data from a randomized controlled trial with oral vitamin D3 and
25(OH)D3 in healthy adults (25), and is a factor commonly used in a
number of food composition tables (26–28). It should be noted, how-
ever, that equivalent data do not exist for vitamin D2 and 25(OH)D2,
so we assumed a conversion factor of 5 in our calculation of the total
vitamin D activity of meat (20).

Statistical analysis of the beef data
Statistical analysis of the data was conducted using SPSS for Windows,
version 20.0 (SPSS Inc.). Distributions of all variables were tested via
Kolmogorov–Smirnov tests. Descriptive statistics (means ± SDs or me-
dians and IQRs, when appropriate) were determined for all variables.
The beef fat content was normally distributed. The vitamin D3, vita-
min D2, 25(OH)D3, 25(OH)D2, and total vitamin D activity of beef
were nonnormally distributed. A log transformation of total vitamin
D activity achieved a near-normal distribution, whereas various trans-
formations of vitamin D3, vitamin D2, 25(OH)D3, and 25(OH)D2 did
not improve the normality. A 1-factor ANOVA followed by Tukey’s test
were used to compare the mean total vitamin D activity and fat content
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TABLE 1 The measured vitamin D, 25-hydroxyvitamin D, and total vitamin D activity of Irish striploin beef steak, sampled over
4 seasonal time points throughout 2017–20181

December 2017 February 2018 July 2018 Sept/Oct 2018

n 10 10 11 8
Vitamin D3, μg/100 g 0.028 (0.025–0.038)a 0.026 (0.022–0.032)a 0.057 (0.049–0.074)b 0.023 (0.022–0.041)a

Vitamin D2, μg/100 g 0.012 (0.011–0.012)a 0.011 (0.010–0.011)a 0.036 (0.034–0.040)b 0.034 (0.032–0.035)b

25-Hydroxyvitamin D3, μg/100 g 0.039 (0.036–0.047)a 0.065 (0.061–0.068)b 0.109 (0.091–0.123)c 0.136 (0.128–0.150)d

25-Hydroxyvitamin D2, μg/100 g 0.012 (0.011–0.012)a 0.033 (0.032–0.034)b 0.032 (0.023–0.037)b 0.061 (0.048–0.073)c

Total vitamin D activity, μg/100 g 0.314 (0.271–0.351)a 0.525 (0.513–0.550)b 0.774 (0.680–0.878)c 1.074 (0.990–1.242)d

1Values are medians (IQRs) unless otherwise indicated. Values in a row without a common letter are significantly different, P < 0.05–0.001 via Kruskal–Wallis or 1-factor
ANOVA followed by Mann–Whitney test or Tukey’s test, respectively.

of beef steaks from the 4 different sampling points, whereas Kruskal–
Wallis tests followed by Mann–Whitney tests were used for comparison
of vitamin D3, vitamin D2, 25(OH)D3, and 25(OH)D2 contents of the
meat.

Beef fat has been shown to have a higher content of vitamin D3, and
possibly 25(OH)D3, than lean beef meat (29); therefore, in an additional
analysis, differences in fat content of the striploin steaks sampled from
different seasons were accounted for in a regression model. The explo-
ration of whether vitamin D2 and/or 25(OH)D2 was evident in Irish
meats other than beef was guided by the presence of contents above the
LOD for these compounds, and not subjected to statistical testing.

Results

Our analysis of the NIST SRM 1546a Meat Homogenate showed that
our analytical method allowed for 84.0% and 83.4% recovery of vitamin
D3 and 25(OH)D3, respectively, in the meat homogenate, based on its
respective reference mass and certified mass values (24).

Taking the complete collection of Irish striploin beef steak samples
(n = 39), and irrespective of season of sampling, the median (IQR)
total vitamin D activity was 0.56 (0.37–0.91) μg/100 g. The median
(IQR) for vitamin D2, vitamin D3, 25(OH)D2, and 25(OH)D3 content
was 0.024 (0.011–0.035), 0.034 (0.023–0.049), 0.032 (0.022–0.037), and
0.070 (0.050–0.123) μg/100 g, respectively.

Table 1 shows the content of the 4 vitamin D compounds in the Irish
striploin beef steak, as sampled over 4 seasons. The content of all 4 vita-
min D compounds in the beef steak varied significantly (P < 0.0001)
with sampling period; median vitamin D3 content of meat samples
from summer was approximately twice that of meat samples from the
other 3 seasons, whereas the median vitamin D2 content of meat sam-
ples from summer and autumn was ∼3 times that of meat samples
from either winter or spring. There were stepwise increases in the me-
dian 25(OH)D3 content of meat samples on going from winter through

autumn, such that the content in meat from September/October was
∼3.5-fold higher than that in meat from December. The median
25(OH)D2 content of meat samples from spring and summer was sig-
nificantly (P < 0.001) higher than that of meat samples from winter,
whereas median 25(OH)D2 was significantly (P < 0.001) higher in meat
samples from autumn than the other 3 seasonal sampling points (1.8-
to 5-fold).

There were also stepwise increases in the median total vitamin D
activity of beef steaks on going from winter through autumn, such that
the content in meat from September/October was ∼3.5-fold higher than
that in meat from December (at 1.07 and 0.31 μg/100 g, respectively).

Table 2 shows the mean percentage fat of the Irish steak samples
from the 4 seasonal sampling points. The mean fat content from meat
samples from winter was significantly lower than that from spring or
summer but similar to that from autumn, with no significant differences
in the mean fat content of meat from these latter 3 seasonal sampling
points.

The significant differences in estimated median total vitamin D ac-
tivity of Irish beef steak among the 4 sampling points were still evident
even after controlling for differences in percentage fat content of meat
within a regression model (P < 0.0001) (data not shown).

The mean ± SD total vitamin D activity of the collection of lamb
steaks was 0.47 ± 0.17 μg/100 g. The 25(OH)D2, adjusted for an activity
factor of 5, contributed 21% to the total vitamin D activity of lamb steaks
(this value was 28% in beef steaks for the equivalent sampling point).
None of the 8 lamb steaks had vitamin D2 content at concentrations
above the LOD.

Vitamin D2 and 25(OH)D2 in Irish meats other than beef
and lamb?
Minced pork, turkey, and chicken had vitamin D3 (mean range:
0.018–0.026 μg/100 g) and 25(OH)D3 contents (mean range: 0.022–
0.041 μg/100 g), but none had vitamin D2 or 25(OH)D2 contents at con-
centrations above the LOD of our LC-MS/MS method (data not shown).

TABLE 2 The mean measured percentage fat content of the raw Irish striploin beef steak samples sampled over 4 time points
throughout 2017–20181

December 2017 February 2018 July 2018 Sept/Oct 2018

n 10 10 11 8
Fat, g/100 g 7.1 ± 1.9a 13.1 ± 2.9b 12.1 ± 2.4b 10.0 ± 2.9ab

1Values are means ± SDs unless otherwise indicated. Values in a row without a common letter are significantly different (P < 0.05) via 1-factor ANOVA followed by Tukey’s
test.
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Discussion

The present work highlighted how, in addition to vitamin D3 and
25(OH)D3, Irish beef contained vitamin D2 and 25(OH)D2, whereas
other Irish meats had essentially none, or very little, of either com-
pound, with the exception of 25(OH)D2 in Irish lamb. About one-
third of the total vitamin D activity of Irish beef was attributable
to its combined vitamin D2 and 25(OH)D2 content. When the 4 vi-
tamin D–related compounds were included in the calculation, Irish
striploin beef steak (∼11% fat) had a median total vitamin D activity of
0.56 μg/100 g, which is similar to the 0.4 and 0.5 μg/100 g reported
for sirloin beef steak (lean and 18% fat, respectively) in the UK food
composition database (17). These Irish and UK estimates, however, are
much higher than that reported in the USDA FDC for top loin steak
trimmed to 1/8” (3.2 mm) fat {0.1 μg vitamin D plus 0.26 μg 25-
hydroxyvitamin D [25(OH)D]/100 g meat} (18). Neither the US nor
the UK food composition database reports data on striploin steaks, but
there is little variation in the vitamin D content of different steak cuts
within the US database (18). It should be noted that the total vitamin
D content for Irish/UK beef includes estimates of meat 25(OH)D con-
tent and applies an efficacy factor of 5 to the same (17), whereas the
US database individually reports vitamin D (as vitamin D3 + D2) and
25(OH)D estimates for beef, but does not multiply the 25(OH)D by 5
and add it to the vitamin D (18). If the Irish/UK mode of calculation
was applied to the US data, the total vitamin D content of the top loin
steak would be 1.4 μg/100 g. Taylor et al. (19) estimated that incorpora-
tion of this efficacy-adjusted 25(OH)D data into total vitamin D con-
tent values for beef would increase the mean daily vitamin D intake
of men and women in the United States by an extra 0.5 and 1 μg/d,
respectively.

Neither the UK nor US food composition tables provide informa-
tion on the time of year the steaks were sampled. This is of relevance
because the present work highlighted significant seasonal variation in
all 4 vitamin D compounds as well as in the associated estimates of total
vitamin D activity, which could be, on average, as high as 1.1 μg/100 g
in autumn and as low as 0.3 μg/100 g in winter. This is, to our knowl-
edge, the first study to directly show this seasonal variation in vitamin
D content of beef. Liu et al. (29) measured the vitamin D content of beef
rump steak sampled from 2 different latitudes within Australia (17◦S
and 41◦S) at the end of their winter, as a surrogate of differences in UV
availability across seasons (higher compared with low, respectively). Us-
ing their reported data on vitamin D3 and 25(OH)D3 content of the
lean beef (and assuming 12% fat), crude estimates of total vitamin D
activity can be generated and it appears to be higher in meat from the
sunnier region (∼0.8 μg/100 g) than in meat from the less sunny re-
gion (∼0.2 μg/100 g). Casas et al. (30) clearly showed a seasonal varia-
tion in serum 25(OH)D concentration in beef cattle reared in the cen-
tral United States, such that the mean concentrations were 28, 65, 120,
and 137 nmol/L during February/March, June, August, and Septem-
ber/October, respectively (meat vitamin D analysis was not performed
within the study). This trend in serum 25(OH)D concentrations aligns
with the beef total vitamin D activity in the present study.

This seasonal variation in total vitamin D activity has implications
for potential nutritional labeling of steaks in relation to vitamin D in
Ireland and the United Kingdom. In the present work, steaks from beef
cattle slaughtered in summer and autumn had median total vitamin D

activity estimates >0.8 μg/100 g, which would allow for a “source of”
European nutrient content claim (22), whereas the steaks from cattle
slaughtered in winter and spring had median total vitamin D activity
estimates less than the 0.8 μg/100 g benchmark. Of note, recent data
from a limited number of vitamin D dietary feeding trials in beef cat-
tle (20, 31, 32) have shown how a vitamin D supplementation strategy
during winter and spring could help protect against the seasonal decline
evident in beef in the present study, and also facilitate a year-round la-
beling claim. For example, beef from animals whose finishing diet was
supplemented with 4000 IU vitamin D3/kg feed (the maximum allow-
able level of addition in Europe) had a total vitamin D activity of 1.4–
1.5 μg/100 g (31, 32). It should be noted that the US FDA–mandated la-
beling for vitamin D is based on measured content and expressing this
as a percentage of the Daily Value (20 μg/d) (33).

Although 25(OH)D3 was the compound in beef most variable by
season, 25(OH)D2 also varied considerably. This might also help ex-
plain, at least in part, the difference between the present Irish estimates
and that in the UK food composition data for beef steaks (0.56 com-
pared with ∼0.45 μg/100 g, respectively). For example, using the me-
dian estimates of vitamin D2 and 25(OH)D2 from our analysis of meat
from all 4 time points combined, and adding these to the UK estimate
which is solely based on vitamin D3 and 25(OH)D3, the recalculated
total vitamin D activity of UK beef would be 0.60 μg/100 g, very com-
parable with our estimate for Irish beef (0.56 μg/100 g). The vitamin
D2 entry for top loin steak trimmed to 1/8” (3.2 mm) fat in the USDA
FDC (Foundation data) is 0 μg/100 g meat (18), but it is not clear if
this is a measured value. For example, within the FDC, the Foundation
data also report 0 μg/100 g top loin steak for vitamin D3, whereas its
Standard Reference legacy data suggest 0.1 μg/100 g (18).

The source of the vitamin D2 in the meat has to be dietary derived,
unlike vitamin D3, which is synthesized in the skin of vertebrates on ex-
posure to UVB-containing sunlight of sufficient strength. When ergos-
terol in grassland, present owing to fungal growth, is exposed to UVB of
sufficient strength it is converted to vitamin D2, which is then consumed
by grazing cattle. Jäpelt et al. (21) have shown that the vitamin D2 con-
tent of perennial ryegrass, the most important agricultural grass seed
sold in Ireland (34), is much higher in July and September and consid-
erably lower during June and November. This might explain the higher
vitamin D2 content of beef in the present study during July and Septem-
ber/October, and also the peak in 25(OH)D2 in September/October, af-
ter circulating vitamin D2 is hydroxylated in the liver of the cattle and
enters the muscle. The lack of vitamin D2 or 25(OH)D2 in our pork,
turkey, or chicken meat samples in the present work is likely due to the
fact that pigs and poultry do not eat grass.

Owing to the time-consuming and expensive nature of food vitamin
D analysis (35), we had to limit our analysis to just 1 cut each for beef
and lamb, which is a limitation of the present work. Although there is
little variation in the vitamin D3 content of different steak cuts within
the US database (18), future work will seek to confirm whether this is
the case for 25(OH)D3 and the 2 vitamin D2–related compounds in dif-
ferent steak cuts as well as other types of Irish beef and lamb.

In conclusion, the findings of the present work are of importance in
relation to beef ’s potential contribution to vitamin D intake, and also
as a means of educating the public of the same. Unprocessed beef is
consumed by a majority (≥80%) of Irish individuals and the Irish food
portion database shows that the median portion weight of fried/grilled
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beef steak is 147 g/d and 160 g/d (equivalent to ∼184 g/d and ∼200 g/d,
respectively, raw weights based on a 25% moisture loss during cook-
ing) in Irish teenagers and adults, respectively (36). Using the overall
median and autumn-based median total vitamin D content of striploin
steak in the present analyses, these beef intakes would contribute ∼1
and ∼2 μg vitamin D/d, respectively. A daily vitamin D intake of
∼6 μg can maintain serum 25(OH)D ≥25 nmol/L (the threshold for
vitamin D deficiency in the United Kingdom) in 97.5% of individuals
(37). It should be noted, however, that the ∼1–2 μg vitamin D from
steak would only contribute between 5% and 13% to the US RDA for
vitamin D based on a serum 25(OH)D threshold of 50 nmol/L [at 15
and 20 μg/d for those aged 1–70 and >70 y, respectively (38)]. Consid-
eration of the contribution of lean red meat to vitamin D intake would
also need to be cognizant of the number of servings and/or amounts
recommended in various dietary guidelines internationally (39). The
findings are also of relevance in terms of nutritional labeling of meat
in Europe, which is a key educational component on how certain foods
provide essential micronutrients, as highlighted by the WHO-FAO (12).
The present work shows how, depending on the season in question,
up to about half the year’s supply of beef may contain concentrations
of vitamin D compounds such that a “source of vitamin D” nutrition
claim could be made in Europe (i.e., once content ≥ 0.8 μg/100 g).
This may be missed completely by the use of values taken from food
composition tables (which is allowable for health claims), because
these have reported estimates of 0.1–0.5 μg/100 g, depending on the
tables used (17, 18).

Acknowledgments
The authors’ responsibilities were as follows—KDC: designed the re-
search and had primary responsibility for the final content; MR, SMOS,
and KG: conducted the research; MR and KDC: analyzed the data
and wrote the paper; and all authors: read and approved the final
manuscript.

References

1. Cashman KD, Dowling KG, Škrabáková Z, Gonzalez-Gross M, Valtueña
J, De Henauw S, Moreno L, Damsgaard CT, Michaelsen KF, Mølgaard C,
et al. Vitamin D deficiency in Europe: pandemic? Am J Clin Nutr 2016;103:
1033–44.

2. Cashman KD, Dowling KG, Škrabáková Z, Kiely M, Lamberg-Allardt C,
Durazo-Arvizu RA, Sempos CT, Koskinen S, Lundqvist A, Sundvall J,
et al. Standardizing serum 25-hydroxyvitamin D data from four Nordic
population samples using the Vitamin D Standardization Program protocols:
shedding new light on vitamin D status in Nordic individuals. Scand J Clin
Lab Invest 2015;75:549–61.

3. Herrick KA, Storandt RJ, Afful J, Pfeiffer CM, Schleicher RL, Gahche JJ,
Potischman N. Vitamin D status in the United States, 2011–2014. Am J Clin
Nutr 2019;110:150–7.

4. Sarafin K, Durazo-Arvizu R, Tian L, Phinney KW, Tai S, Camara JE, Merkel
J, Green E, Sempos CT, Brooks SP. Standardizing 25-hydroxyvitamin D
values from the Canadian Health Measures Survey. Am J Clin Nutr 2015;102:
1044–50.

5. Quraishi SA, Camargo CA, Jr, Manson JE. Low vitamin D status in Europe:
moving from evidence to sound public health policies. Am J Clin Nutr
2016;103:957–8.

6. Cashman KD. Vitamin D deficiency: defining, prevalence, causes, and
strategies of addressing. Calcif Tissue Int 2020;106:14–29.

7. Kiely M, Black LJ. Dietary strategies to maintain adequacy of circulating
25-hydroxyvitamin D concentrations. Scand J Clin Lab Invest Suppl
2012;243:14–23.

8. Fulgoni VL, Keast DR, Bailey RL, Dwyer J. Foods, fortificants, and
supplements: where do Americans get their nutrients? J Nutr 2011;141:
1847–54.

9. Vatanparast H, Calvo MS, Green TJ, Whiting SJ. Despite mandatory
fortification of staple foods, vitamin D intakes of Canadian children and
adults are inadequate. J Steroid Biochem Mol Biol 2010;121:301–3.

10. Roman Viñas B, Ribas Barba L, Ngo J, Gurinovic M, Novakovic R, Cavelaars
A, de Groot LC, van’t Veer P, Matthys C, Serra Majem L. Projected prevalence
of inadequate nutrient intakes in Europe. Ann Nutr Metab 2011;59:
84–95.

11. US Department of Health and Human Services and USDA. 2015–2020
Dietary Guidelines for Americans [Internet]. 8th ed. Rockville (MD): Office
of Disease Prevention and Health Promotion; 2015 [cited 2017 Feb 3].
Available from: http://health.gov/dietaryguidelines/2015/guidelines/.

12. Allen L, de Benoist B, Dary O, Hurrell R , editors. Guidelines on food
fortification with micronutrients [Internet]. Geneva (Switzerland): WHO
and FAO; 2006 [cited 2016 Jun 28]. Available from: http://apps.who.int/iri
s/bitstream/10665/43412/1/9241594012_eng.pdf.

13. Black LJ, Walton J, Flynn A, Cashman KD, Kiely M. Small increments in
vitamin D intake by Irish adults over a decade show that strategic initiatives
to fortify the food supply are needed. J Nutr 2015;145:969–76.

14. Food Standards Agency, Public Health England. National Diet and Nutrition
Survey (NDNS) rolling programme [Internet]. London (UK): Public Health
England; 2018 [cited 2018 Dec 14]. Available from: https://www.gov.uk/gov
ernment/statistics/ndns-results-from-years-7-and-8-combined.

15. Hayes A, Cashman KD. Food-based solutions for vitamin D deficiency:
putting policy into practice and the key role for research. Proc Nutr Soc
2017;76:54–63.

16. European Food Information Resource (EuroFIR AISBL). Food composition
databases (FCDBs) [Internet]. Brussels (Belgium): EuroFIR AISBL; 2019.
[cited 2020 May 4 May]. Available from: https://www.eurofir.org/food-info
rmation/.

17. Food Standards Agency, UK. McCance and Widdowson’s Composition of
Foods Integrated Dataset (CoFID) [Internet]. London (UK): Public Health
England; 2019 [cited 2020 May 4]. Available from: https://www.gov.uk/gover
nment/publications/composition-of-foods-integrated-dataset-cofid.

18. USDA, Agricultural Research Service. FoodData Central [Internet].
Beltsville (MD): US Department of Agriculture; 2019 [cited 2020 May 4].
Available from: https://fdc.nal.usda.gov.

19. Taylor CL, Patterson KY, Roseland JM, Wise SA, Merkel JM, Pehrsson PR,
Yetley EA. Including food 25-hydroxyvitamin D in intake estimates may
reduce the discrepancy between dietary and serum measures of vitamin D
status. J Nutr 2014;144:654–9.

20. Duffy SK, O’Doherty JV, Rajauria G, Clarke LC, Hayes A, Dowling KG,
O’Grady MN, Kerry JP, Jakobsen J, Cashman KD, et al. Vitamin D-
biofortified beef: a comparison of cholecalciferol with synthetic versus
UVB-mushroom-derived ergosterol as feed source. Food Chem 2018;256:
18–24.

21. Jäpelt RB, Didion T, Smedsgaard J, Jakobsen J. Seasonal variation of
provitamin D2 and vitamin D2 in perennial ryegrass (Lolium perenne L.). J
Agric Food Chem 2011;59:10907–12.

22. European Commission. Regulation 1169/2011 on the provision of food
information to consumers [Internet]. Brussels (Belgium): European
Commission; 2016 [cited 2017 Feb 3]. Available from: https://eur-lex.euro
pa.eu/legal-content/EN/TXT/?uri=CELEX:02011R1169-20180101.

23. Jakobsen J, Clausen I, Leth T, Ovesen L. A new method for the determination
of vitamin D3 and 25-hydroxyvitamin D3 in meat. J Food Compos Anal
2004;17:777–87.

24. National Institute of Standards and Technology. Standard Reference
Material® 1546a: meat homogenate [Internet]. Gaithersburg (MD): National
Institute of Standards and Technology; 2016 [cited 2017 Feb 3]. Available
from: https://www-s.nist.gov/m-srmors/certif icates/1546A.pdf.

25. Cashman KD, Seamans KM, Lucey AJ, Stocklin E, Weber P, Kiely M, Hill
TR. Relative effectiveness of oral 25-hydroxyvitamin D3 and vitamin D3 in

CURRENT DEVELOPMENTS IN NUTRITION

http://health.gov/dietaryguidelines/2015/guidelines/
http://apps.who.int/iris/bitstream/10665/43412/1/9241594012_eng.pdf
https://www.gov.uk/government/statistics/ndns-results-from-years-7-and-8-combined
https://www.eurofir.org/food-information/
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://fdc.nal.usda.gov
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02011R1169-20180101
https://www-s.nist.gov/m-srmors/certificates/1546A.pdf


6 Cashman et al.

raising wintertime serum 25-hydroxyvitamin D in older adults. Am J Clin
Nutr 2012;95:1350–6.

26. Saxholt E, Christensen AT, Møller A, Hartkopp HB, Hess Ygil K, Hels OH.
Danish food composition databank, revision 7. Copenhagen (Denmark):
Department of Nutrition, National Food Institute, Technical University of
Denmark; 2008.

27. Federal Food Safety and Veterinary Office (FSVO). Swiss food composition
database v6.1 [Internet]. Bern (Switzerland): FSVO; 2019 [cited 2020 May 4
May]. Available from: https://naehrwertdaten.ch/en/downloads/.

28. Finglas PM, Roe MA, Pinchem HM, Berry R, Church SM, Dodhia SK,
Farron-Wilson M, Swan G. McCance & Widdowson’s The Composition of
Foods. 7th ed. Cambridge: Royal Society of Chemistry; 2015.

29. Liu J, Greenfield H, Strobel N, Fraser DR. The influence of latitude on the
concentration of vitamin D3 and 25-hydroxy-vitamin D3 in Australian red
meat. Food Chem 2013;140:432–5.

30. Casas E, Lippolis JD, Kuehn LA, Reinhardt TA. Seasonal variation in vitamin
D status of beef cattle reared in the central United States. Domest Anim
Endocrinol 2015;52:71–4.

31. Duffy SK, O’Doherty JV, Rajauria G, Clarke LC, Cashman KD, Hayes A,
O’Grady MN, Kerry JP, Kelly AK. Cholecalciferol supplementation of heifer
diets increases beef vitamin D concentration and improves beef tenderness.
Meat Sci 2017;134:103–10.

32. Haug A, Vhile SG, Berg J, Hove K, Egelandsdal B. Feeding potentially health
promoting nutrients to finishing bulls changes meat composition and allow
for product health claims. Meat Sci 2018;145:461–8.

33. US FDA. Food labeling: revision of the Nutrition and Supplement Facts
labels: guidance for industry 2020 [Internet]. Silver Spring (MD): US Food
and Drug Administration. [cited 2020 May 4]. Available from: https://www.
fda.gov/regulatory-information/search-fda-guidance-documents/small-e
ntity-compliance-guide-revision-nutrition-and-supplement-facts-labels.

34. Department of Agriculture, Food and the Marine. Grass and white
clover varieties: Irish recommended list 2018 [Internet]. Dublin (Ireland):
Department of Agriculture, Food and the Marine; 2018. [cited 2019 May 22].
Available from: https://www.agriculture.gov.ie/media/migration/publication
s/2018/GrassWhiteCloverRecListVarietiesforIreland220218.pdf.

35. Jakobsen J, Smith C, Bysted A, Cashman KD. Vitamin D in wild and farmed
Atlantic salmon (Salmo Salar)—what do we know? Nutrients 2019;11:982.

36. Lyons J. The Irish food portion sizes database [Internet]. Cork (Ireland):
University College Cork; 2013 [cited 2020 May 4]. Available from: http:
//www.iuna.net.

37. Cashman KD, Kiely ME, Andersen R, Grønborg IM, Madsen KH, Nissen
J, Tetens I, Laura Tripkovic L, Lanham-New SA, Toxqui L, et al. Individual
participant data (IPD)-level meta-analysis of randomised controlled trials
with vitamin D-fortified foods to estimate Dietary Reference Values for
vitamin D. Eur J Nutr 2020 Jun 15 (Epub ahead of print; doi: 10.1007/s00394-
020-02298-x).

38. Institute of Medicine. Dietary Reference Intakes for calcium and vitamin D.
Washington (DC): The National Academies Press; 2011.

39. Cashman KD, Hayes A. Red meat’s role in addressing ‘nutrients of public
health concern’. Meat Sci 2017;132:196–203.

CURRENT DEVELOPMENTS IN NUTRITION

https://naehrwertdaten.ch/en/downloads/
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/small-entity-compliance-guide-revision-nutrition-and-supplement-facts-labels
https://www.agriculture.gov.ie/media/migration/publications/2018/GrassWhiteCloverRecListVarietiesforIreland220218.pdf
http://www.iuna.net

